Mechanisms regulating the surveillance and clearance of synaptic proteins are not well understood. Intriguingly, the loss of the presynaptic active zone proteins Piccolo and Bassoon triggers the loss of synaptic vesicles (SVs) and compromises synaptic integrity. Here we report that the destruction of SVs in boutons lacking Piccolo and Bassoon was associated with the induction of presynaptic autophagy, a process that depended on poly-ubiquitination, but not the E3 ubiquitin ligase Siah1. Surprisingly, gain or loss of function (LOF) of Bassoon alone suppressed or enhanced presynaptic autophagy, respectively, implying a fundamental role for Bassoon in the local regulation of presynaptic autophagy. Mechanistically, Bassoon was found to interact with Atg5, an E3-like ligase essential for autophagy, and to inhibit the induction of autophagy in heterologous cells. Importantly, Atg5 LOF as well as targeting an Atg5-binding peptide derived from Bassoon inhibited presynaptic autophagy in boutons lacking Piccolo and Bassoon, providing insights into the molecular mechanisms regulating presynaptic autophagy.
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In Brief
Okerlund et al. use knockdown and knockout experiments of two major active zone proteins, Bassoon and Piccolo, to study their roles in synaptic proteostasis. They identify Bassoon as a new regulator of presynaptic autophagy by its interaction with key autophagy protein Atg5.
INTRODUCTION
Synaptic transmission is a metabolically demanding cellular program (Rangaraju et al., 2014) that depends on surveillance systems that monitor the folding state of proteins and the functional integrity of organelles, including synaptic vesicles (SVs), but the identity of these systems and the mechanisms regulating them remain poorly understood.
The best-characterized cellular surveillance systems use post-translational modifications, such as ubiquitination to tag cytosolic and organellar proteins for proteasomal and lysosomal degradation, respectively (DiAntonio and Hicke, 2004; Ding and Shen, 2008) . Macroautophagy, commonly referred to simply as autophagy, is a highly conserved cellular program for the bulk degradation of target substrates in which the cell surrounds the substrate to be degraded with a double membrane (phagophore) to form an autophagosome (Klionsky et al., 2012) . The autophagosome then fuses with a lysosome, creating an autolysosome, and its contents are degraded. Autophagy may be activated in response to starvation or for the degradation of relatively large target structures, such as damaged organelles or protein aggregates that have been tagged with poly-ubiquitin chains (Yang and Klionsky, 2010) .
Autophagy has been shown to be critically important for neuronal health. Knockout of either Atg7 or Atg5, two key autophagy proteins required for conjugation of the ubiquitin-like protein LC3 to the phagophore, causes dramatic axonal dystrophy and neurodegeneration (Hara et al., 2006; Komatsu et al., 2006 Komatsu et al., , 2007 . Dysregulation of neuronal autophagy also has been implicated in neurodegenerative diseases (Ghavami et al., 2014; Nixon et al., 2005; Son et al., 2012) . For example, mature autophagic structures, including autophagosomes and autolysosomes referred to collectively as autophagic vacuoles (AVs), are vastly increased in dystrophic neurites and presynaptic boutons in Alzheimer's disease (Nixon et al., 2005) and Parkinson's disease (Corti et al., 2011) . Reduced autophagy also has been linked to autism via a failure of autophagy-mediated pruning of synapses during development (Tang et al., 2014) .
Although initially characterized as a response to starvation and stress, autophagy is increasingly recognized as a part of a regulated pathway to dispose of specific substrates, including organelles such as mitochondria (Ding and Yin, 2012; ShibaFukushima et al., 2012) , peroxisomes (Oku and Sakai, 2010) , ribosomes (Beau et al., 2008) , and even lysosomes (Hung et al., 2013) . Importantly, each organelle-specific autophagy program appears to involve proteins that regulate autophagy of that organelle, as with Pink1 for mitophagy (Rogov et al., 2014 ). An autophagy-based program that selectively monitors synaptic health has not yet been described. However, there is mounting evidence that autophagy can be induced at synapses. For example, AVs 
AV-like Structures Accumulate in Synapses of DKD Neurons
Electron micrographs show DAB-labeled neurons transfected with plasmids expressing VAMP2-HRP and shRNAs against Bassoon and Piccolo (DKD; A, B, D, E, G, and H) or scrambled control shRNAs (SC; C and F). (A) VAMP2-HRP/DKD neurons at DIV9 show labeled synaptic vesicles as well as unlabeled double-membraned early-stage phagopore-like structure (red arrowheads). See magnification in (D). (B) AV-like structure with contents labeled by DAB staining (red arrowheads) from a VAMP2-HRP/DKD neuron at DIV9 is shown. (C) A bouton from an SC neuron at DIV9 shows specific DAB labeling of SVs. Note, due to low expression levels and the stochastic nature of its distribution, only a fraction of the vesicles is labeled with DAB. (D) A bouton from a DKD neuron at DIV9 shows labeled SVs and a distinct phagophore-like double membrane (red arrowhead). (E) Autophagic-like vesicle (AV) with electron-dense cargo (red arrowhead) in a bouton from a DKD neuron at DIV9 is shown. (F) A bouton from an SC neuron at DIV14 with a subpopulation of SV labeled with DAB is shown. (G) Multiple phagophore-like horseshoe-shaped membranes with HRP/DAB labeling (red arrows) in a bouton from a DKD neuron at DIV14. There are fewer intact, discrete 50-nm SVs and increased phagophore-like structures compared to boutons at DIV9. (H) An AV-like structure with its surrounding double membrane (red arrows) labeled with DAB from a DKD neuron at DIV14. Note that the AV-like structure also contains HRP/DAB-labeled cargo, suggesting that SVs may both be incorporated into AV membranes and captured as cargo.
(legend continued on next page) appear in presynaptic boutons in response to rapamycin and enhanced Sonic hedgehog (Shh) signaling (Hernandez et al., 2012; Petralia et al., 2013) , and they appear in axons after the stimulation of synaptic activity (Wang et al., 2015) . However, whether these events are mediated by local synaptic changes in autophagy or by more systemic effects remains unclear.
In a recent study, we observed that the selective inactivation of two presynaptic active zone proteins, Piccolo and Bassoon, triggers the progressive loss of SV pools and the elimination of synaptic junctions (Waites et al., 2013) . These phenotypes were traced to the activation of Siah1 (an E3 ubiquitin ligase that binds to Piccolo and Bassoon), hyper-ubiquitination of SV proteins, and degradation of synaptic proteins via the proteasome and endo-lysosomal systems. Based on these findings, we suggested that Piccolo and Bassoon control specific aspects of synaptic proteostasis and synapse integrity. Using VAMP2 tagged with horseradish peroxidase (VAMP2-HRP) as an SV reporter, we observed by electron microscopy (EM) the accumulation of this SV protein within pleotropic vesicles similar to AVs, indicating that Piccolo and Bassoon also might locally regulate organellar catabolism in the presynaptic bouton via autophagy (Waites et al., 2013) . In the present study, we explore whether these active zone (AZ) proteins also directly regulate presynaptic autophagy. Our results demonstrate that Bassoon in particular locally regulates presynaptic autophagy, in part through binding to and inhibiting the activity of Atg5.
RESULTS

Degenerative Structures in DKD Neurons Show Characteristics of Autophagosomes and Phagophores
Electron microscopy of neurons expressing a tricistronic vector, containing either short hairpin RNAs (shRNAs) against Piccolo and Bassoon (double knockdown [DKD] ) or scrambled control shRNAs (SC), together with VAMP2-HRP, allowed us to use diaminobenzodine (DAB) staining to create electron-dense deposits to define the spatial distribution of this integral SV protein. As reported previously (Waites et al., 2013) , in SC neurons nearly all VAMP2-HRP/DAB labeling was associated with the lumen of SVs ( Figures 1C, 1F , S1A, and S1C). In DKD neurons, VAMP2-HRP/DAB labeling of SVs was present, but we also found labeling of a wide variety of membranous structures, including double-membraned structures with the circular or cup-like shape typical of phagophores ( Figures 1A, 1D , 1E, and S1B) and large (300-to 1,500-nm) structures with electron-dense cargo ( Figures 1B, 1G , 1H, and S1D). In some phagophore-like and AV-like structures, it appeared that DAB labeling was incorporated into the membrane ( Figures 1G, 1H , and S1D), indicating that VAMP2-HRP molecules were present in the limiting membrane. This suggests that membranes containing SV proteins contributed to the phagophore membrane. The size, morphology, and cargo observed in these structures (Figures 1 and S1) were strikingly reminiscent of the AVs observed in neurons undergoing the induction of autophagy (Hernandez et al., 2012; Petralia et al., 2013) and neurodegeneration (Nixon et al., 2005) .
To quantify these phenotypes, boutons of DKD and SC neurons identified by the presence of DAB labeling were examined for distinct double-membraned structures without cargo (scored as phagophore-like) and large cargo-containing structures (scored as AV-like). Both the fraction of boutons with phagophore-like structures ( Figure 1I ) and number of AV-like structures per bouton ( Figure 1J ) were increased in DKD neurons relative to SC neurons at 9 days in vitro (DIV), a time point when DKD boutons still contain about 25% of their normal levels of Bassoon and Piccolo and have a normal number of SVs (Waites et al., 2013) . From DIV9 to DIV14, when synaptic degeneration in DKD synapses is very notable (Waites et al., 2013) , there was an increase in phagopore-like and AV-like structures in axonal varicosities ( Figures 1I, 1J , and S1).
Autophagosomes Are Found in the Presynaptic Bouton in DKD Neurons
To test whether the aberrant structures found in the boutons of DKD neurons contain molecular components that define autophagosomes, we transfected neurons with a tricistronic vector expressing shRNAs against Bassoon and Piccolo together with EGFP-tagged SV2 (EGFP-SV2/DKD) or scrambled control shRNAs (EGFP-SV2/SC) to fluorescently label presynaptic boutons. These neurons were then infected with a lentivirus expressing the autophagosome-associated protein LC3 (Klionsky et al., 2012) tagged with monomeric red fluorescent protein (mRFP-LC3). At DIV14, SC neurons SV2-EGFP exhibited a punctate synaptic localization as reported previously (Waites et al., 2013) , while the mRFP-LC3 signal was relatively diffuse throughout axons with little colocalization with the SV2-EGFP puncta (Figures 2A, 2C, and 2E) . In DKD neurons, however, mRFP-LC3 fluorescence formed puncta that colocalized with SV2-EGFP (Figures 2B, 2D, and 2E) .
We previously demonstrated that pharmacological inhibition of the proteasomal and lysosomal degradation systems rescues SV loss in DKD boutons (Waites et al., 2013) . To explore whether autophagy also is involved in SV degradation in presynaptic boutons of DKD neurons, we applied the PI3K inhibitor wortmannin, which blocks the induction of autophagy (Klionsky et al., 2012) , to DKD neurons at DIV14. We found that application of 1 mM wortmannin for 3 hr partially rescued SV2-EGFP signal in DKD neurons, consistent with autophagy contributing to DKDinduced loss of SVs ( Figures 2F and 2G ). These findings suggest that the phagophore-and AV-like structures seen by EM after the loss of Piccolo and Bassoon represent autophagy-related structures in presynaptic boutons.
Our analysis of DKD boutons indicates that Bassoon and Piccolo may regulate presynaptic autophagic catabolism of SVs. If true, then Bassoon (Bsn)/Piccolo (Pclo) DKD should initially upregulate autophagy within boutons, but not in (I) Quantitation of phagophores in terminals at DIV9 and DIV14. DKD boutons contain significantly more phagophores at both time points compared to SC controls. (J) Quantitation of AV-like structures (mean ± SEM) in terminals at DIV9 and DIV14. DKD boutons contain significantly more AV-like structures at both time points. Scale bars, 200 nm. See Table S1 for means ± SEM. See also Figure S1 . (F and G) SC and DKD neurons expressing SV2-EGFP treated with DMSO or 1 mM wortmannin for 3 hr (F). Note inhibiting autophagy restores synaptic levels of SV2-EGFP in DKD neurons to SC levels, as quantified in (G).
(legend continued on next page) dendrites, which lack Bassoon and Piccolo. We expressed LC3 tagged with both mRFP and EGFP (tandem fluorescent LC3 [tf-LC3]) in DKD or SC neurons (Figures 2 and S2 ). This reporter protein differentially labels autophagosomes red and green and autolysosomes red (Kimura et al., 2007) at tracer expression levels ( Figures S2C and S2D) . In DKD neurons, the number of discrete red and green fluorescent puncta (i.e., autophagosomes) was greatly increased in axons and cell soma relative to SC neurons at DIV14, and this increase was reduced by treatment with 1 mM wortmannin for 3 hr ( Figures 2H-2K , S2A, and S2B). No difference in the number of dendritic autophagosomes per cell was detected ( Figures S2E and S2F) , suggesting that the loss of Piccolo and Bassoon causes an axon-specific increase in autophagy.
Autophagosomes Mature Normally and Autolysosomes Accumulate in the Soma of DKD Neurons The typical fate of autophagosomes is fusion with lysosomes, but in neurons the majority of lysosomes are located in the cell soma and the axon is relatively devoid of lysosomes. Moreover, a number of studies have shown that, while autophagosomes are rather dynamic, they predominantly undergo retrograde transport to the soma (Maday et al., 2012) . Consistent with this, live imaging demonstrated that tf-LC3 structures undergo retrograde transport in SC and DKD neurons ( Figure S3 ; Movies S1 and S2) and retain red and green fluorescence throughout the length of axons (data not shown).
To determine whether lysosomes were affected by the induction of autophagy in the DKD neurons, we expressed mCherrytagged Lamp1, a lysosomal membrane protein (mCh-Lamp1/ DKD or SC). mCh-Lamp1 was distributed throughout the neuronal soma in SC neurons at DIV14 ( Figure 3A ), but it exhibited a 2-fold increase in peri-axonal soma localization in DKD neurons at DIV14 ( Figure 3B ). Lysotracker labeling of lysosomes in DIV14 neurons expressing EGFP/DKD or EGFP/SC showed the same phenotype ( Figures 3C and 3D ). We suspected that this represented a cellular response to the marked increase in the number of autophagosomes being created in the axon and trafficked to the soma for disposal. To test this, we treated DKD neurons with 100 nM bafilomycin A to prevent lysosome acidification and protein degradation (Klionsky et al., 2012) . This caused a marked increase in the number of LC3 puncta in the soma showing both red and green fluorescence, indicating that there was robust autophagosome-lysosome fusion in untreated DKD neurons ( Figures 3E and 3F ). We also found evidence for the accumulation of AVs in DKD neurons by EM. In VAMP2-HRP/DKD neurons fixed at DIV14, clusters of numerous AVlike structures with electron-dense contents were evident in the cell soma of DKD neurons ( Figure 3G ), but never in SC neurons (data not shown). Lastly, using immunostaining, we found that endogenous LC3 also was significantly increased in the synapses ( Figures S4A and S4B ) and cell soma of neurons infected with CFP-SV2/DKD, but not CFP-SV2/SC ( Figures S4C  and S4D ).
Ubiquitination and Bassoon, but Not Siah1, Are Required for Enhanced LC3 Levels in DKD Neurons Our results raise the question of how the loss of Piccolo and Bassoon triggers autophagy within the boutons of these neurons. We previously demonstrated that the zinc fingers of Piccolo and Bassoon bind to and inhibit the E3 ubiquitin ligase Siah1 and that, with the loss of Piccolo and Bassoon, there is an upregulation of poly-ubiquitination of SV proteins (Waites et al., 2013) . We first sought to determine whether ubiquitination, and specifically Siah1-dependent ubiquitination, was necessary for the induction of autophagy in the DKD neurons. Ziram, an inhibitor of ubiquitin E1 ligase enzyme, attenuates the SV loss in Piccolo/Bassoon DKD neurons (Waites et al., 2013) . To test whether ziram also reduced the induction of autophagy at presynaptic sites, we treated neurons transfected with a tricistronic vector expressing shRNAs against Bassoon and Piccolo together with mRFPtagged LC3 (mRFP-LC3/DKD) or scrambled control shRNAs (mRFP-LC3/SC). Similar to experiments above, axons of neurons transfected with the vector expressing SC shRNAs had few discrete mRFP puncta, while there was a >3-fold increase in the number of mRFP puncta per unit length in axons expressing the DKD shRNAs ( Figures 4A and 4B ). This increase was partially attenuated by both ziram and wortmannin. Consistent with a role for poly-ubiquitination in the induction of presynaptic autophagy, we found that expression of a recombinant ubiquitin isoform, in which all lysine residues have been substituted with arginine (UbK 0 ), markedly reduced the number of axonal mRFP puncta in neurons expressing mRFP-LC3/DKD ( Figures 4C and  4D ). However, we found that shRNA knockdown of Siah1 did not reduce the number of mRFP puncta ( Figures 4E-4J ). These findings suggest that poly-ubiquitination is necessary for the induction of autophagy associated with the loss of function of Piccolo and Bassoon but that this is not dependent upon Siah1.
We next sought to determine whether loss of Piccolo or Bassoon alone is sufficient for the induction of autophagy at synapses. The large size of these proteins makes heterologous expression of their recombinant isoforms difficult. However, as reported previously (Waites et al., 2013) , we were able to successfully express mRFP-tagged full-length Bassoon in neurons with an adenovirus vector. In neurons expressing EGFP/ DKD, infection with AdV-mRFP-BsnFL led to a marked attenuation in the accumulation of endogenous LC3 puncta in axons (Figures 4K and 4L) , suggesting that Bassoon is an important regulator of presynaptic autophagy. To test this hypothesis, we examined whether Bassoon loss of function (LOF) enhanced (H and I) Neuronal soma (H) and axons (I) of DIV14 SC or DKD neurons expressing tf-LC3. Red-only fluorescence indicates the presence of tf-LC3 within acidic lysosomes in the cell soma; yellow (red-green) fluorescence indicates the presence of tf-LC3 in autophagosomes in axons (I). In DKD neurons DIV14, a dramatic increase in tf-LC3 puncta in soma and axons is observed. The addition of 1 mM wortmannin (wtmn) for 16 hr reduces the number of LC3 puncta in somata and axons of DKD neurons. (J and K) Quantitation of LC3 puncta in neuronal soma (J) and axons (K) reveals more puncta in DKD neurons. This increase was reduced by wortmannin in somata and axons. Scale bars, 5 (A, B, and F), 25 (H), and 10 mm (I). All graphs show means ± SEM (see Table S1 ). See also Figure S2 . (E) Mature autolysosomes, identified as mRFP+/EGFPÀ puncta, were asymmetrically distributed in the soma of tf-LC3 and DKD neurons (DIV14). The addition of 100 nM bafilomycin to DKD neurons (lower panel) increased the number of EGFP+ puncta in DKD neurons. (F) Quantitation of fluorescent puncta from tf-LC3 and DKD neurons treated with DMSO or DMSO and 100 nM bafilomycin A for 3 hr shows a marked increase in mRFP+/EGFP+ puncta after bafilomycin administration. (G) EM micrograph of the cell soma of a DIV14 VAMP2-HRP/DKD neuron containing DAB-labeled vesicular structures as cargo in an autophagic vacuole-like structure. N marks the cell nucleus. DAB-labeled structures were not observed in the soma of any VAMP2-HRP/SC neurons. Scale bars, 10 mm (A, C, and G) and 500 nm (G). Graphs represent mean ± SEM. See Table S1 for means ± SEM, scoring, and n and p values. See also Figure S3 with Movies S1 and S2 and Figure S4 . the synaptic levels of LC3. Initially, we used a knockdown approach comparing the levels of mRFP-LC3 in axons of neurons co-expressing SV2-EGFP and mRFP-LC3 with axons of neurons co-expressing SV2-EGFP, a Bassoon shRNA (SV2-EGFP/BsnKD), and mRFP-LC3 ( Figures S5A-S5D) . Surprisingly, the knockdown of Bassoon alone doubled the number of mRFP puncta and reduced the SV2-EGFP intensity ( Figures S5E-S5G ), suggesting that the loss of Bassoon alone is sufficient to induce autophagy at presynaptic terminals. In a second strategy, we examined how the formation and maturation of AV was affected in tf-LC3-expressing neurons (Kimura et al., 2007) cultured from the hippocampus of Bassoon knockout mice (BsnKO). Here we observed an enhanced number of red/green puncta, typical for phagophores and AVs, along axons and colocalizing with synapses (immunostained with synaptophysin antibodies) of BsnKO versus wild-type (WT) neurons (Figures 5A-5G). A dramatic increase in mature AVs (red-only puncta) also was seen in the cell soma of BsnKO versus WT neurons ( Figures 5H-5M ). For all three conditions, the addition of wortmannin to inhibit the formation of autophagophore membranes reduced the increases in KO neurons, supporting the conclusion that Bassoon is a key regulator of presynaptic autophagy.
Bassoon Interacts with LC3 Ligase Atg5
Given the essential role for Bassoon in presynaptic autophagy, we anticipated that it would interact with critical autophagyassociated proteins, analogous to the interactions of the zinc fingers of Bassoon and Piccolo with Siah1 (Waites et al., 2013 ). An initial search revealed significant homology between the coiled-coil 2 (CC2) regions in Bassoon and Piccolo with the Atg5-binding motif (Kim et al., 2015) in proteins such as Tecpr1 and Atg16L1 ( Figure 6A ), suggesting that Piccolo and/or Bassoon might bind Atg5, an E3 ligase crucial for the conjugation of LC3 to phagophore membranes during the induction of autophagy (Hara et al., 2006) . Given the strong genetic link of Bassoon with presynaptic autophagy, we focused our cellular and biochemical analysis of the Atg5 association with this AZ protein. This was initially accomplished by co-expressing a series of EGFP-tagged Bassoon deletion constructs and mCherry-tagged Atg5 (mCh-Atg5) in Cos7 cells (Figures 6 and S6) . When co-expressed with EGFP, mCh-Atg5 exhibited a diffuse cytoplasmic pattern similar to EGFP ( Figure S6A ). However, when expressed with the BsnFL-EGFP, BsnCD-EGFP, or BsnCC2-EGFP, all of which exhibited a punctate pattern when expressed alone in Cos7 cells ( Figure 6B ; see also Dresbach et al., 2003) , mCh-Atg5 acquired a punctate-like pattern with a marked overlap with the Bassoon puncta ( Figures 6C, S6B , and S6C). This colocalization was most remarkable with Bassoon constructs that only contained the CC2 region (Figure 6C) . Importantly, mCh-Atg5 remained diffuse when co-expressed with the N-terminal zinc-finger region of Bassoon (BsnZF, Figure 6D ), suggesting that a region within the CC2 domain of Bassoon was necessary for the interaction with Atg5. To confirm that colocalization was not simply due to degradation of the recombinant Bassoon constructs in an autophagic vacuole, we co-expressed BsnCC2-EGFP with mRFP-LC3 and found no overlap of the two proteins ( Figure S6D ).
To refine the subregion within BsnCC2 that binds to Atg5, we examined whether the regions showing the highest sequence homology between Bassoon (amino acids [aa] 2,364-2,407) and Tecpr1 and Atg16L ( Figure 6A ) also could interact with recombinant Atg5. Co-expression of mCh-Atg5 with this segment (designated BsnCC2v1) fused to EGFP-synapsin in Cos7 cells revealed a remarkable colocalization of the two proteins (Figure 6E) . As a control, we also examined whether the CC2v1 peptide carrying alanine mutations in key residues ( Figure 6A ), shown to be critical for Atg16L binding to Atg5 (Zhao et al., 2013) , affected binding to this segment of Bassoon. As expected, the resulting peptide (CC2v1*) fused to EGFPsynapsin no longer colocalized with mCh-Atg5 ( Figure 6F ). Consistent with these immunofluorescence analyses, we found that mCh-Atg5 was coimmunoprecipitated far more efficiently by BsnCC2v1-EGFP-synapsin than by BsnCC2v1*-EGFP-synapsin ( Figures 6G and 6H ).
Atg5 Knockdown Rescues DKD Phenotypes
While Atg5 is a key regulator of the autophagy process, non-canonical forms including Atg5-independent pathways have been identified (Nishida et al., 2009; Sowers et al., 2013) . If presynaptic autophagy is regulated by the Atg5 interaction with Bassoon, then Atg5 should be capable of functioning at synapses and should be required for the loss of presynaptic proteins in DKD (L) Quantitation of LC3 puncta in EGFP/DKD neurons reveals that restoring Bassoon expression suppresses LC3 levels in DKD boutons. Scale bars, 10 (A, C, E, and F) and 5 mm (K). All graphs show means ± SEM (see Table S1 ).
neurons. To test this, we first compared the distribution of endogenous Bassoon to endogenous Atg5 and Atg16L as well as autophagosome-associated proteins p62 and LC3 in control neurons versus neurons with induced autophagy ( Figure S7 ). Both starvation-induced autophagy ( Figures S7C, S7D , S7G, and S7H) and autophagy induced via inhibition of the proteosomal degradation pathway ( Figures S7E, S7F , S7G, and S7H) enhanced the synaptic colocalization of these four autophagyassociated proteins with Bassoon, consistent with a role for each in presynaptic autophagy. Importantly, although the overexpression of mRFP-FL-Bsn in DKD suppressed autophagy triggered by the loss of Piccolo and Bassoon, the retention of Bassoon at synapses with elevated autophagy ( Figure S7 ) indicates that its apparent inhibitory effects on presynaptic autophagy can be suppressed and/or modulated.
Next, we explored whether Atg5 LOF could suppress presynaptic autophagy in DKD boutons. This was accomplished by expressing a previously characterized shRNA against Atg5 (Lee and Gao, 2009 ) in neurons together with the mRFP-LC3/DKD vector. In preliminary experiments, we observed that transfection of the shRNA against Atg5 (shAtg5) at DIV0-2 compromised cell health (data not shown). We thus designed our experiment to knock down Atg5 by the transfection of DKD neurons at DIV12-13 for the analysis at DIV15-16. Here we observed a significant reduction in axonal mRFP-LC3 puncta in neurons co-expressing mRFP-LC3/DKD with EGFP/shAtg5 compared to neurons expressing mRFP-LC3/DKD alone ( Figures 7A and 7B ). Atg5 knockdown rescued SV protein levels in DKD boutons, as shown by antibody staining for synaptophysin ( Figures 7A and 7C ). These results indicate that presynaptic autophagy induced by the DKD requires Atg5.
As the induction of autophagy leads to the feedforward amplification of the process (Earls and Zakharenko, 2014) , we also wondered whether the DKD leads to the recruitment of autophagy pathway proteins into boutons, similar to presynaptic autophagy induced by starvation and proteasome block ( Figure S7 ). To test this, we co-expressed mCh-Atg5 via lentivirus in hippocampal neurons transfected with SV2-EGFP/DKD or SV2-EGFP/SC (for expression levels, see Figures S6E and S6F). In SC neurons, little mCh-Atg5 colocalized with SV2-EGFP ( Figures 7D and 7F ), but the presynaptic localization of mCh-Atg5 was dramatically increased in DKD neurons (Figures 7E and 7F) . These data not only support a role for Atg5 in presynaptic autophagy but also they indicate that steadystate pools of autophagic proteins are normally low at synapses and are recruited as part of an inducing autophagic response.
The Atg5-Binding Domain of BsnCC2 Inhibits Autophagy Given the critical role of Atg5 in autophagy (Klionsky et al., 2012; Nishiyama et al., 2007) , we hypothesized that its binding to BsnCC2v1 would be sufficient to inhibit autophagy within presynaptic boutons. At present, few tools exist to manipulate the activity of autophagy within specific cellular compartments and none has been developed to regulate autophagy within presynaptic boutons. As EGFP-synapsin is selectively localized to presynaptic boutons , we anticipated that BsnCC2v1-EGFP-synapsin would specifically downregulate autophagy within boutons. As an initial test of this hypothesis, we examined whether BsnCC2v1 expression in Cos7 cells could suppress starvation-induced autophagy, as monitored by LC3 puncta formation ( Figures S8A-S8E ). Compared to untreated cells ( Figure S8A ), the induction of autophagy dramatically increased the number of mRFP-LC3 puncta ( Figure S8B ). In contrast, only a minimal increase in mRFP-LC3 puncta was seen in cells co-expressing BsnCC2v1-EGFP-synapsin ( Figure S8C ). As predicted by the impaired Atg5 binding, mutated CC2v1*-EGFP-synapsin did not inhibit LC3 puncta formation by serum deprivation and rapamycin ( Figure S8D ). Using western blotting, we also examined whether these peptides affected the conversion of LC3 to its lipidated form LC3II in transfected Cos7 cells. While in some experiments LC3II formation was reduced by BsnCC2v1, but not BsnCC2v1*, the results from this assay were highly variable, as has been reported by others on the contribution of Atg5 to autophagy in heterologous cells (Staskiewicz et al., 2013) , limiting any meaningful conclusion based on this assay. (E) Quantitation of the number of red/green LC3 puncta shows the >2-fold increase in LC3 puncta number in BsnKO axons and the reduction of this phenotype by wortmannin. (F) Quantitation of the number of synaptophysin puncta shows a decrease in synaptophysin puncta in BsnKO axons, which can be rescued by the inhibition of autophagy with wortmannin. (G) Quantitation of the colocalization of synaptophysin puncta with LC3 puncta shows an increasing number of synaptophysin puncta, which are also positive for LC3 in the BsnKO. This increase can be reduced to WT levels by the inhibition of autophagy. (H-K) The soma of BsnKO (I) neurons shows an increased number of red LC3 puncta per soma area, indicating elevated numbers of autolysosomes compared to WT neurons (H). This increase can be restored back to WT levels by the inhibition autophagy with wortmannin (J and K). (L) Quantitation of red LC3 puncta shows an increase in LC3 puncta number in BsnKO compared to WT and wortmannin-treated WT and KO neurons. (M) Quantitation of size of individual LC3 puncta shows no differences in the LC3 puncta size between WT and BsnKO, whereas treatment with wortmannin reduces LC3 puncta size significantly in WT and KO neurons. Scale bars, 5 (A and B) and 10 mm (H-K). All graphs show means ± SEM (see Table S1 ). See also Figure S5 . 
BsnCC2v1-EGFP-Synapsin Suppresses Presynaptic Autophagy and Rescues Bsn and Pclo DKD Phenotypes
To explore whether the CC2v1 peptide could be used to modulate presynaptic autophagy, we co-expressed the CC2v1-EGFPsynapsin fusion protein in DKD neurons. As with EGFP-synapsin ( Figures 8A and S8G ), CC2v1-EGFP-synapsin was selectively sorted into axons where it exhibited a punctate pattern ( Figures  8B and S8H) . In fixed cells, these puncta colocalized with VGlut1 ( Figures 8A and 8B ) and synaptophysin puncta ( Figures S8G  and S8H ), consistent with their presynaptic localization. To assess the impact of CC2v1 on presynaptic autophagy, CC2v1-EGFP-synapsin or EGFP-synapsin was co-expressed with mRFP-LC3/DKD. As observed with SV2-EGFP/DKD, EGFP-synapsin labeling showed a strong coincidence with mRFP-LC3 puncta in mRFP-LC3/DKD neurons ( Figures 8A,  8D , and 8G). In contrast, much less mRFP-LC3 puncta colocalized with CC2v1-EGFP-synapsin ( Figures 8B, 8E , and 8G). CC2v1-EGFP-synapsin expression also reduced the number of mRFP-LC3 puncta in axons and increased the number of synaptophysin puncta in axons relative to the EGFP-synapsin control ( Figures S8F-S8M ). In DKD neurons expressing CC2v1*-EGFP-synapsin, there was an increase in the percentage of mRFP-LC3 puncta that colocalized with EGFP-synapsin puncta compared to DKD neurons expressing CC2v1-EGFPsynapsin ( Figures 8C, 8F , and 8G) and lower levels of VGLUT1 at these boutons ( Figures 8E and 8F) .
In a final set of experiments, we examined how CC2v1-EGFPsynapsin affected the endogenous levels of synaptic LC3 in neurons treated with the proteasome inhibitor epoxomicin to induce autophagy. Under this condition, synaptic LC3 levels were reduced compared to boutons expressing EGFP-synapsin alone ( Figures S8N and S8O ).
DISCUSSION
Although fundamental to the functional integrity of synapses, the molecular mechanisms regulating quality control and turnover of synaptic proteins and lipids are not well understood. In this study, we provide evidence that the maintenance of SV pools within presynaptic boutons is locally regulated by the active zone cytoskeletal matrix proteins Piccolo and Bassoon. Specifically, our results demonstrate that the loss of Bassoon and Piccolo causes a progressive loss of SVs, in part, through the local induction of an autophagic program that contributes to the destruction of SVs through the fusion of bouton-derived autophagosomes with somatic lysosomes. Our data reveal that the enhanced autophagic activity in Bsn and Pclo DKD boutons is largely dependent upon Bassoon and poly-ubiquitination, but not the E3 ubiquitin ligase Siah1. Importantly, we also found that presynaptic autophagy requires the recruitment and activation of Atg5, an E3-like ligase that conjugates LC3 to phagophore membranes during autophagosome formation. Interestingly, we found that Atg5 binds to the CC2 domain of Bassoon and that this interaction can suppress autophagy, implying that Bassoon functions together with Atg5 to regulate presynaptic autophagy. Consistent with this, we observed that overexpression of Bassoon suppresses the induction of presynaptic autophagy in DKD neurons, while the knockout or knockdown of Bassoon enhances presynaptic autophagy. Moreover, the targeted expression of a Bassoon-derived Atg5-binding peptide (CC2v1) to presynaptic boutons suppressed the induction of presynaptic autophagy caused by the loss of Piccolo and Bassoon.
Global induction of autophagy in response to nutrient or energy deprivation is a survival mechanism for cells. Autophagy, however, also regulates stem cell differentiation (Lijam et al., 1997) , is involved in eliminating intracellular infections (ShojiKawata et al., 2013) , and can target specific molecules and organelles for degradation as part of normal maintenance and homeostasis (Klionsky and Codogno, 2013; Yang and Klionsky, 2010) . This latter mode of selective autophagy has been described for a number of cargoes, including mitochondria, peroxisomes, endoplasmic reticulum fragments, ribosomes, and lysosomes (Beau et al., 2008; Corti et al., 2011; Ding and Yin, 2012; Oku and Sakai, 2010; Shiba-Fukushima et al., 2012) . Our data argue that Bassoon is a key regulator of an intrinsic autophagy program for SVs within presynaptic boutons.
Several lines of evidence support this model. First, EM studies of neurons expressing VAMP2-HRP as a synaptic vesicle marker reveal that Bsn and Pclo DKD boutons begin to accumulate phagophore-like membranes and AV-like structures as early as DIV9, with such structures being numerous in boutons at DIV14 (Figure 1) . The increase in their appearance is positively correlated to the degeneration of these synapses (Waites et al., 2013) and inversely correlated to the levels of Piccolo and Bassoon, two long-lived active zone proteins (Cohen et al., 2013) , from cultured hippocampal neurons expressing shRNAs to these molecules (Waites et al., 2013) . These structures in DKD boutons were similar in size and morphology to AVs described in other systems (Eskelinen et al., 2011; Klionsky and Codogno, 2013) and to neuronal AVs where autophagy has been induced by rapamycin (Hernandez et al., 2012) or Sonic hedgehog (Petralia et al., 2013) . The strong VAMP2-HRP/DAB precipitate present as cargo in these AV-like structures ( Figures  1, 3 , and S1) indicates that SVs are engulfed by these structures, a requirement for selective autophagy (Klionsky et al., 2012) . The patches of DAB precipitate sandwiched between the double membranes of forming phagophores as well as mature AV-like Similar amino acids are in yellow. Amino acids corresponding to the Atg5-binding motif consensus are in red. CC2v1* is a version of CC2v1 with critical Atg5-binding residues mutated to alanine (circled). Table S1 ). See also Figure S6 . structures ( Figures 1E and 1F) indicate that SVs or endosomal membranes containing VAMP2 are at least one source for these early autophagic vesicular membranes. Clearly, additional studies are needed to explore whether SV proteins contribute directly to the formation of phagophore membranes or are acquired through the fusion of endosomes or other cellular membranes with autophagosomes (Shibutani and Yoshimori, 2014 ). (D) and (E) reveals a dramatic recruitment of mChAtg5 into boutons defined by SV2-GFP clusters lacking Piccolo and Bassoon. Scale bar, 10 mm (A, B, G, and H). All graphs depict mean ± SEM (see Table S1 ). See also Figure S7 .
The conclusion that Piccolo and in particular Bassoon locally regulate an autophagy program within boutons also is supported by a number of light microscopy experiments. Using fluorescently tagged LC3, we readily detected the accumulation of LC3 within DKD, BsnKD, and BsnKO boutons, but not control neurons (Figures 2, 5 , and S5). Furthermore, we found that LC3-positive structures mature normally through retrograde transport to the cell soma and fusion with lysosomes ( Figures  2, 3 , and S3). Importantly, this accumulation of autophagosomes in boutons and soma could be blocked by inhibiting autophagy pharmacologically with wortmannin, genetically by knocking down Atg5, or by presynaptic targeting of the Atg5-binding domain in Bassoon through its fusion to synapsin1a (Figures 2, 5, 7, 8, and S8) . Regarding wortmannin, it is worth noting that it also acts via Toll-like receptors (Fukao and Koyasu, 2003) . While it is possible that inhibiting these receptors could modulate synapse autophagy, a more parsimonious explanation, given that our assays are autophagy based, is that wortmannin is acting to inhibit the autophagy pathway in our DKD, BsnKD, and BsnKO neurons. Interestingly, our autophagy-inhibiting peptide is predicted to disrupt the Atg5/12 interaction with Atg16L1 and Tecpr1 (Kim et al., 2015; Zhao et al., 2013) . If true, peptide or small molecules that target this interaction could be used to modulate autophagy in a manner complementary to that recently described for the autophagy-inducing peptide derived from Beclin (Shoji- Kawata et al., 2013) . Importantly, we observed that manipulations that blocked autophagosome formation at synapses also rescued the loss of SVs in boutons lacking Piccolo/Bassoon (Figures 2, 5, 7, 8, and S8) , indicating that this presynaptic autophagy program contributes to the catabolism of SVs.
Presynaptic autophagy is certainly only one of several cellular programs contributing to SV catabolism (Uytterhoeven et al., 2011; Sheehan et al., 2016) . Our analysis of boutons lacking Piccolo and Bassoon suggests that these molecules may coordinate surveillance and catabolism of SVs at several levels and through several pathways. For example, we previously reported that the zinc-finger domains in both Piccolo and Bassoon bind and inhibit the activity of the E3 ubiquitin ligase Siah1, an enzyme critical for the poly-ubiquitination and degradation of several synaptic proteins, and that ubiquitination, ubiquitin-proteasome system activation, and ESCRT/endo-lysosomal activation were all likely to play a role in SV catabolism (Waites et al., 2013) . As in this previous study, we found that poly-ubiquitination was required for the induction of presynaptic autophagy, as both ziram and Ub-K 0 reduced LC3 levels in the boutons of DKD neurons (Figure 4) . However, as Siah1 loss of function had no effect, we would conclude that ubiquitination by this E3 ligase must direct the degradation of SV proteins through another cellular program, such as the ESCRT/endo-lysosomal system. An important unresolved question is whether the roles of Piccolo and Bassoon in the catabolism of presynaptic proteins are redundant or complementary. Data presented here argue for a dominant role of Bassoon in presynaptic autophagy, as Bassoon LOF alone increases synapse autophagy and expression of Bassoon alone is sufficient to prevent autophagy phenotypes, perhaps due to the interaction between Bassoon and Atg5 (Figures 4, 5, and S5 ). Our analysis of the Atg5-binding motif in Bassoon reveals that an analogous sequence also is present in Piccolo, though residues anticipated to be critical for Atg5 binding are not conserved, implying that Piccolo may not act as a direct regulator of autophagy (Figure 6 ). Clearly Table S1 ). See also Figure S8 . the analysis of synapses lacking Piccolo will help resolve this issue.
At present, it is unclear how presynaptic autophagy is locally regulated. The ability of the CC2v1 peptide from Bassoon to both bind Atg5 and inhibit autophagy suggests that it might be a negative regulator of this catabolic pathway. One possibility is that Bassoon locally sequesters Atg5 and, thus, inhibits presynaptic autophagy. However, we note that Atg5 levels are normally low at synapses under basal condition and increase following the induction of autophagy (Figures 7 and S7 ). This does not require the concomitant removal of Bassoon (Figure S7) , indicating that autophagy-inducing signals can overcome the negative effects of Bassoon on autophagy. The nature of these signals and how they affect the association of Bassoon with Atg5 and/or other autophagy proteins remain to be discovered.
Our studies also raise questions concerning the roles played by autophagy during normal synaptic function. In addition to SV surveillance and catabolism, several recent studies suggest that autophagy may also be involved in both synaptic plasticity and development. Induction of autophagy with rapamycin has been shown to decrease the presynaptic profiles and decrease evoked release (Hernandez et al., 2012) . In addition, long-term depression, a form of plasticity that reduces synaptic strength by removing postsynaptic glutamate receptors, induces autophagy within dendrites and eventually the loss of synapses (Shehata et al., 2012 ). This in turn may require the induction of autophagy in presynapses. Impaired autophagy has also been linked to a failure to properly prune synaptic connections in patients with autism (Tang et al., 2014) . Intriguingly, enhanced synaptic autophagy is not always linked to synapse elimination, as in Drosophila motor neurons where it is associated with the growth of neuromuscular junctions (Shen and Ganetzky, 2009) . Whether the differential effects of autophagy are species and/or synapse type specific remains to be determined.
Studies by Nixon and colleagues have shown that autophagic organelles are prominent in the axons and boutons of neurons from patients with Alzheimer's disease (Nixon et al., 2005) . Similar organellar membranes are also seen in Parkinson's disease (PD) and frontotemporal dementia (FTD), leading to the suggestion that presynaptic boutons may represent an initiating locus for damage to neurons in neurodegenerative diseases (Picconi et al., 2012; Sheng et al., 2012; Wishart et al., 2006) . Synaptic autophagy has also been observed following oxidative damage, excitotoxicity (Benz et al., 2014; Ginet et al., 2014) , and in response to the aggregation of synaptic proteins (e.g., alphasynuclein) (Lee et al., 2013; Rideout et al., 2004; Zheng et al., 2010) . At present there is no direct link between catabolic processes regulated by Piccolo and Bassoon and these disorders. However, our findings that presynaptic boutons possess cellular programs that regulate these events suggest that synapses may be vulnerable to insults that affect the reliability of such surveillance systems. If this is the case, early synaptic insults altering the function of these systems might not only result in deficits in synaptic transmission but also trigger synaptic loss and even neuronal degeneration. Conceptually, our ability to selectively target modulatory peptides to synapses should permit a more systematic evaluation of these issues, as well as the relative contributions of the ubiquitin, proteasome, endo-lysosomal, and autophagy systems to the health and integrity of vertebrate synapses.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Mouse housing and handling was in full compliance with national guidelines on animal experimentation. Mouse experiments were approved by the animal welfare committee of Charité Universit€ atsmedizin Berlin and the Landesamt f€ ur Gesundheit und Soziales Berlin.
Used neurons were not involved in previous procedures, were naive to drugs and were allocated randomly to experimental groups. Neurons were transfected by electroporation at the time of plating, infected on DIV0-5 with lentivirus, or both (transfection with a plasmid followed by infection with a virus), as noted in the text.
Heterologous cell culture HeLa, HEK293T and Cos7 cells were maintained in a growth medium of 10% FBS/DMEM. Cells were passaged every 2-4 days by trypsinization of the adherent cells and removal from the growth plate by trituration. The cells were then spun in a Thermo Scientific IEC Centra CL2 centrifuge at 1000 rpm for 2 min, the trypsin-containing medium removed, and the cells resuspended in growth medium for transfer to new growth plates. Cells used in these experiments had been passaged fewer than 30 times from their initial acquisition.
Production of lentivirus
To create lentivirus for expression of a given protein X, HEK293T cells were transfected with the plasmids FU-X-W or FU-X-Wm (12-15 mg, 1 mg/kb of the FU-X-Wm construct), pCMV-VSVg (10 mg), and pSPAX2 (15 mg) to generate replication incompetent lentivirus. The three plasmids were added to DMEM without serum and 50 mL Calfectin added and the mixture vortexed briefly and allowed to incubate at room temperature (RT) for 10-15 min. The mixture was then added to HEK293T cells at $70% confluency in a 10 cm dish in growth medium. After incubation for 24 hr at 37 C the medium was removed and replaced with Neurobasal medium. After 24 hr incubation at 32 C in Neurobasal medium the cell supernatant containing lentivirus was taken, passed through a 0.45 mm filter to remove cellular debris and ensure sterility, and stored at À80 C until use. In addition, lentivirus used for expression of tf-LC3, CFP-SV2/SC, CFP-SV2/SC, eGFP-synapsin and CC2v1-eGFP-synapsin was produced by the Virus Core Facility, Charité Berlin using 10 mg FUGW shuttle vector and mixed helper plasmids (pCMVd8.9 7.5 mg and pVSV-G 5 mg) and XtremeGENE 9 transfection reagent.
Production of adenovirus
Helper-dependent adenovirus (HDAd) was produced as previously described (Palmer and Ng, 2011) . Neurons expressing eGFP-SV2/SC or eGFP-SV2/DKD were infected with 2-10 mL mRFP-BsnFL* adenovirus on DIV5 and fixed on DIV14 as described previously (Waites et al., 2013) .
METHOD DETAILS
Lentiviral infection
Hippocampal cultures were infected by addition of 20-100 mL of lentivirus-containing medium, prepared as described above, to hippocampal neurons in maintenance medium at DIV0-5.
Electroporation
For electroporation, hippocampal neurons in suspension after trypsinization and trituration during preparation of primary cultures were collected by centrifugation (800xg for 2 min) and resuspended in 500 mL electroporation medium (MEM (Invitrogen) without glutamine or phenol red, plus 10% FBS and 20 mM glucose) at a density of 6-8x10 6 cells per mL. 15-25 mg of the plasmid were added to the cells in electroporation medium. The cell suspension was placed in a 0.4 cm Gene Pulser cuvette (BioRad) and electroporated at 0.250 kV voltage and 0.975 mF capacitance on a BioRad electroporator; the electroporated cells were added to coverslips in plating medium, as in the standard hippocampal neuronal preparation.
Neuron transfection
For acute knockdown of Atg5 in plated neurons, hippocampal neurons were transfected with a pZOff plasmid for expression of Atg5 shRNA under an H1 promoter and eGFP under a CMV promoter on DIV12-13. Neurons on coverslips were placed in one well of a 6-well plate in 2 mL of conditioned maintenance medium. 4 mg of plasmid DNA and 5 mL Lipofectamine 2000 in 100 mL of Neurobasal medium without B27 or antibiotics were mixed and incubated for 30 min at RT, and this mixture was added to the neurons in their maintenance medium. Neurons were fixed at DIV15-16 (three days post-transfection) for imaging.
Heterologous cell transfection
Cos7 or HEK293T cells at 70%-90% confluency were transfected with Lipofectamine 2000 by mixing plasmid DNA and Lipofectamine 2000 in the ratio of 1 mg of DNA to 2 mL of Lipofectamine 2000 in 20 mL of DMEM without serum at RT for 15-25 min, then adding the DNA-Lipofectamine-medium solution to the cells to be transfected in their maintenance medium. The maintenance medium was not changed before or after transfection. 2.5 mg of DNA were used for transfection per well of a 6-well plate and 20 mg of DNA for a 100 mm cell culture dish. HeLa cells were transfected with XtremeGENE 9 in a 24-well plate at 70% confluency by mixing 1 mg DNA and transfection reagent in a 1:1.5 ratio, addition of 50 mL Opti-MEM (GIBCO) and incubation for 30 min at RT. The transfection mix was added to the cell medium for 24 hr without medium change.
VAMP2-HRP/DAB labeling of synaptic vesicles for electron microscopy Electron microscopy was performed on cultured hippocampal neurons transfected by electroporation with pZOff-Vamp2-HRP/DKD or pZOff-Vamp2-HRP/SC. Neurons were fixed with 2.5% glutaraldehyde in 0.15 M cacodylate buffer for 1 hr and processed as described previously (Micheva and Smith, 2005) with minor modifications. Briefly, fixed neurons were incubated with 1 mg/mL DAB (Sigma-Aldrich) in 50 mM Tris buffer, pH 7.5, for 10 min at RT. 0.01% H 2 O 2 (Sigma-Aldrich) was added to the DAB solution for 30 min at RT to induce HRP-mediated DAB precipitation. Neurons were prepared for EM by microwave irradiation (Micheva et al., 2003) . After infiltration in Embed 812 (Electron Microscopy Sciences), glass coverslips were removed by dissolution in hydrofluoric acid and ultrathin 60 nm sections cut with an ultramicrotome (Ultracut UCT; Leica). Sections were placed on copper grids and poststained with 5% uranyl acetate in ultrapure water for 15 min, followed by a stain in 0.2% lead citrate for 4 min, and rinsed extensively in water. Samples were imaged at Stanford's Cell Sciences Imaging Facility using a JEM-1230 transmission electron microscope.
Autophagy induction in neurons
Autophagy was induced for 2 hr in mouse hippocampal neurons at DIV14 either by addition of 25 nM epoxomycin to the conditioned medium or by replacing the medium with EBSS, calcium, magnesium, phenol red starvation medium (GIBCO) containing 100 mM chloroquine. Cells were fixed and used for immunocytochemistry as described below.
Autophagy induction in heterologous cells
Autophagy was induced 20 hr after transfection by replacing growth medium with DMEM (no serum) containing 500 nM rapamycin for 3 hr. In control cells, growth medium was replaced with fresh growth medium. Cells were fixed and mounted for imaging 24 hr after transfection.
Colocalization assays in heterologous cells
Cos7 or HeLa cells grown on glass coverslips for 4-6 hr were co-transfected with mCh-Atg5 and various domains of Bassoon tagged with eGFP with Lipofectamine 2000 (Thermo Fisher Scientific) or X-tremeGENE 9 (Roche). Cells were fixed 24 hr later, mounted, and imaged (see below).
Immunocytochemistry
Non-neuronal cells and rat hippocampal neurons were fixed by removing their maintenance medium and placing them in a fixative solution of 60 mM PIPES, 25 mM HEPES, 120 mM sucrose, 2 mM MgCl2, 10 mM EGTA and 4% paraformaldehyde (PFA), pH 7.4, or in 4% PFA in PBS (Santa Cruz), for 5 min. After fixation cells were washed once with PBS-0.1% Triton X-100 and once with PBS only and stored in PBS at 4 C until mounted or used for immunocytochemistry. Fixed cells were blocked with blocking solution (D-PBS, pH 7.4, plus 2% glycine, 2% bovine serum albumin, 0.2% gelatin, and 50 mM NH 4 Cl) for 1 hr at RT, and then primary antibodies were applied in blocking solution overnight. After primary antibody binding the cells were washed 3 times with PBS-0.1% Triton, followed by addition of secondary antibodies diluted 1:200 in blocking solution for 1 hr at RT. After secondary antibody application cells were washed 3 times with PBS-0.1% Triton and once with water and mounted with Vectashield mounting medium with DAPI (H-1200, Vector Labs) on glass slides and sealed with fingernail polish.
Primary mouse hippocampal neurons were fixed in 4% PFA in PBS for 5 min at RT, quenched in 25mM glycine in PBS for 30 min at RT, blocked in blocking solution containing 2% bovine serum albumin, 5% normal goat serum and 0.2% Triton X-100 in PBS for one hour at RT. Primary and secondary antibodies were diluted in blocking solution w/o Triton and added sequentially to the coverslips for 1 hr at RT. In between the primary and secondary antibody incubation coverslips were washed 3 times for 10 min with blocking solution w/o Triton X-100. After secondary antibody incubation coverslips were washed once with blocking solution w/o Triton X-100 and twice with PBS for 10 min each. Coverslips were mounted in Mowiol on glass slides. Coimmunoprecipitation HEK293T cells were cultured in a 10 mm dish and transfected at 70%-80% confluence with either mCh-Atg5 and eGFP-BsnCC2vI/ eGFP-BsnCC2vI* or mCh-Atg5 and eGFP. 48 hr after transfection the cells were taken up in 1 mL of PBS/0.5% Triton X-100 with Complete protease inhibitors (Roche) and rocked at 4 C for 1 hr. The lysis solution was centrifuged at 20,800 xg for 10 min at 4 C and the supernatant transferred into a new tube. 2.5 mg of the immunoprecipitating anti-eGFP antibody was added to the extract supernatant and the incubated for 1 hr at 4 C. 60 mL of protein A/G beads slurry (Bangs Laboratories) was added to the supernatant-antibody solution and incubated for 1 hr at 4 C. The protein A/G beads were retrieved by centrifugation at 500 xg for 3 min to pellet the beads and remove the supernatant. The beads were washed 4 times in Tris-buffered saline and spun at 500 g to retrieve the beads; after the fourth wash the beads were taken up in 40 mL of 2x SDS-PAGE sample buffer for western blot.
Western blot
Cells lysates were taken up in 2x SDS-PAGE loading buffer with beta-mercaptoethanol. The cells were sonicated briefly to break up cellular DNA and then run on 4%-15% gradient gels (Bio-Rad). The gels were transferred to PDVF membrane and the membrane was blocked for 1 hr at RT in a solution of 5% dry milk (Carnation) in PBS with 0.1% Triton X-100. Primary antibody was then added directly to the blocking solution and the blot incubated with primary antibody overnight at 4 C. After primary antibody incubation the blot was washed three times, for 5 min each wash, with PBS-0.1% Triton X-100 at RT for 5 min, then the secondary antibody applied for 1 hr at RT in a 5% milk/PBS/0.1% Triton X-100 solution. After secondary antibody application the blot was again washed 3 times, for 5 min each wash, with PBS/0.1% Triton X-100. The blot was then treated with ECL reagents (BioExpress) for 2 min, washed once with PBS, excess liquid removed with a KimWipe, and exposed to film (ECE Scientific) for 1-100 s.
Image acquisition
Images were acquired with a Zeiss Axiovert 200M with Perkin Elmer spinning disk and Melles Griot 43 series Ion laser, using 40x and 63x Plan-Apochromat objectives (NA 1.4), Photometrics Cascade 512B digital camera (Roper Scientific) and MetaMorph software (Molecular Devices) or a Zeiss Axio Observer Z.1 with Andor spinning disk CSU-X and Acal BFI ion laser, using 63x Plan-Apochromat objectives (NA 1.4), Andor ixon ultra camera and Andor iQ2.9 software). Images for Bassoon knockout experiments were acquired by a Nikon CSU-X spinning disk confocal microscope at the Advanced Medical Bioimaging Core Facility (AMBIO) of the Charité . When necessary for good visibility, picture brightness and contrast in final figures was adjusted in Adobe Photoshop. All quantitation was performed prior to such adjustments.
Comparison of sequence homology
The sequence of BsnCC2 (Bassoon amino acids 2088-2563) was compared to the full sequence of known Atg5 binding proteins Tecpr1 and Atg16L1 using BLAST. The BLAST program used (found at http://web.expasy.org/sim/) used comparison matrix BLOSUM62, with a gap open penalty of 12 and a gap extension penalty of 4.
Sampling of fluorescence and EM data
Fluorescence and EM images were taken randomly from not blinded samples.
QUANTIFICATION AND STATISTICAL ANALYSIS Quantitation and Statistical Analysis
All quantitations were performed not blinded.
Unless otherwise noted all quantitative data represent results from at least three repetitions of a given experiment. See Table S1 for detailed information on means ± SEM, scoring, sample sizes (n-value) and statistical method of computation including p values.
Statistical analyses were performed in Prism 6. Comparisons of two conditions were done by Student's unpaired t test, with Welch's correction for differing variances applied when an initial analysis showed the variances of the two conditions to be significantly different, with exception of Figure 1 , where significance was analyzed by a chi-square test. Comparisons of three or more conditions were analyzed by one-way analysis of variance (ANOVA) with Tukey's post hoc test to find variances between any two given comparisons, except in the case of data graphed as a cumulative histogram rather than a column graph. No methods were used to determine whether the data met the assumptions of the statistical approaches used here.
Analysis of electron micrographs
Autophagic vacuole-like (AV-like) structures were defined as double-membraned structures, 300-1500 mm in diameter, containing both electron-dense material from HRP staining and ''clear'' lumenal space, and phagopores were defined as distinct doublemembraned structures with their characteristic cup-like and lacking electron-dense contents, 200-400 mm in diameter, consistent with criteria established in other studies (Hernandez et al., 2012; Nixon et al., 2005; Petralia et al., 2013) . Because synaptic degeneration due to Bsn and Pclo DKD was quite pronounced at DIV14, it was usually not possible to identify intact synapses consisting of a postsynaptic density apposed to synaptic vesicles for DKD neurons. Therefore, for DKD neurons at DIV14, varicosities containing HRP-DAB labeled synaptic vesicles were considered ''synaptic'' and scored for the presence or absence of phagophores and AVs without regard to the presence or absence of a well-defined PSD adjacent to the varicosity. For quantitation of AV-like structures, the absolute number of AV-like structures in each synaptic bouton was counted. For phagophores each bouton was scored as positive or negative for the presence of phagopores, giving the percent of boutons containing phagopores.
Analysis of puncta per axon length
Image stacks were z-projected using ImageJ, concatenated into a new stack using the Concantenate function from the IMFLAN3D ImageJ plugin created by Shreesh Mysore and converted into an 8-bit image. Axons were traced and straightened using ImageJ's Straighten function. Straightened axons were thresholded at one-quarter maximum image intensity or by using the Maximum Entropy thresholding algorithm and the number of puncta over threshold counted and divided by the length of the axon section measured to give puncta per 10 mm of axon length.
Analysis of puncta colocalization in axons
Concatenated and straightened axons (see above) were thresholded using the Maximum Entropy automated thresholding function in ImageJ.
Synaptic puncta (SV2, synapsin1a or synaptophysin) and autophagic puncta (LC3 or Atg5) were counted, and the number of overlapping puncta between the synaptic and autophagic puncta were counted and calculated as ratio of colocalized puncta to synaptic puncta.
Analysis of GFP-RFP-LC3 and mRFP-LC3 puncta in Cos7 and neuronal soma Image stacks were projected, concatenated (see above) and the ImageJ ''rolling ball'' background subtraction was performed to define somatic puncta (10 pixel rolling ball). Images were thresholded at one-quarter or one-eighth maximum intensity. For each dataset thresholds were set on cells from control condition. Puncta which were not successfully separated via thresholding were manually disaggregated. The number of puncta per cell or soma was counted.
For somatic LC3 puncta in BsnKO neurons the RFP-LC3 puncta were counted using the ImageJ ''Analyze Particle-Tool'' on z-projected images and calculated as the number of puncta per area of the cell soma in mm 2 . For each dataset thresholds were set on cells from control condition.
Analysis of SV2 puncta intensity
Image stacks were projected, and background-corrected (see above). Puncta were identified by setting a threshold of one-sixteenth the maximum value to ensure detection of faint puncta, especially in the DKD condition, and manually disaggregating puncta that could not be separated via thresholding. Puncta of 4-50 pixels were selected for analysis and the average intensity of the puncta measured.
Analysis of GFP-RFP-LC3 puncta in neuronal dendrites
Dendritic puncta were identified in the same way and from the same images as somatic puncta; all puncta in all dendrites of the infected neuron were summed to give the number of LC3-positive puncta in the entire dendritic arbor.
Analysis of Lamp1 and Lysotracker puncta localization
For analysis of Lamp1 localization to the periaxonal soma, the axon hillock was identified by staining for Ankyrin-G as marker (Reimer et al., 2011) . The point of entry of the axon into the soma was considered to be ''twelve o'clock'' and the soma divided into two parts of equal area, containing equal amounts of the cell nucleus, by a line running from ''nine o'clock'' to ''three o'clock'' through the soma. The average intensity of Lamp1 staining in both halves (axonal and anti-axonal) of the soma was then measured and the ratio of the average intensities taken.
Lysotracker staining was performed as described previously (Waites et al., 2013) . For the analysis of Lysotracker puncta localization, the axon was identified by morphology (non-spiny, long, non-tapering) in eGFP/SC and eGFP/DKD neurons blind to Lysotracker puncta localization, and the neuron soma divided into two halves as described for Lamp1 localization. Lysotracker puncta were then identified described as described previously (Waites et al., 2013) and the ratio of axonal to anti-axonal Lysotracker puncta was then measured.
Analysis of endogenous LC3 and LAMP1 intensity in neuron somata
Image stacks imported into ImageJ software were processed to maximum intensity z-projections. Cell soma of CFP-SV2 expressing neurons were traced with the polygon selection tool in the CFP signal-containing channel. Mean average intensities of LC3 or LAMP1 signal-containing channel of the traced areas were measured and subtracted of background intensities of the same channel measured for each image.
Analysis of endogenous LC3, Atg5 and Bsn intensity in synapses
Average endogenous LC3 intensities per CFP-SV2 or eGFP-synapsin puncta were acquired using OpenView 3.0 software (Noam E. Ziv, Technion, Israel Institute of Technology). Single channels of maximum intensity z-projections (performed using ImageJ software) were loaded into OpenView, regions-of-interest (ROI) were selected using the place areas over puncta tool with the CFP-SV2, eGFPsynapsin or Bassoon signal-containing channel as source channel at a threshold value of 500.000 and a delta intensity of 300.000. ROI had a dimension of 9x9 pixel and their average pixel intensities in the LC3, Atg5 or Bassoon signal-containing channel were measured and subtracted of the average intensity of three background ROI from the same channel.
